An aromatic amino acid is present in the binding site of a number of sugar binding proteins. The interaction of the saccharide with the aromatic residue is determined by their relative position as well as orientation. The position-orientation of the saccharide relative to the aromatic residue was found to vary in different sugar-binding proteins. In the present study, interaction energies of the complexes of galactose (Gal) and of glucose (Glc) with aromatic residue analogs have been calculated by ab initio density functional (U-B3LYP/ 6-31G**) theory. The position-orientations of the saccharide with respect to the aromatic residue observed in various Gal-, Glc-, and mannose-protein complexes were chosen for the interaction energy calculations. The results of these calculations show that galactose can interact with the aromatic residue with similar interaction energies in a number of position-orientations. The interaction energy of Gal-aromatic residue analog complex in position-orientations observed for the bound saccharide in Glc/Man-protein complexes is comparable to the Glc-aromatic residue analog complex in the same position-orientation. In contrast, there is a large variation in interaction energies of complexes of Glc-and of Gal-with the aromatic residue analog in position-orientations observed in Gal-protein complexes. Furthermore, the conformation wherein the O6 atom is away from the aromatic residue is preferred for the exocyclic -CH 2 OH group in Galaromatic residue analog complexes. The implications of these results for saccharide binding in Gal-specific proteins and the possible role of the aromatic amino acid to ensure proper positioning and orientation of galactose in the binding site have been discussed.
an aromatic residue is one of the two common features shared by these proteins (Sujatha and Balaji 2004) . This analysis further revealed that the spatial position-orientation of galactose relative to the aromatic residue varies in these 18 proteins. This observation led to the proposal that the aromatic residue acts as a platform on which galactose has the freedom to move and optimize its interactions with the binding site residues. Based on this, it is inferred here that the interaction energy between the aromatic residue and galactose is comparable in these different spatial positionorientations. To test this inference, single-point energy calculations have been performed for aromatic residue analoggalactose complexes by ab initio density functional (U-B3LYP/6-31G**) treatment (Hohenberg and Kohn 1964) using the software GAMESS (Schmidt et al. 1993) .
Visual inspection of the 3D structures of Gal-and Glucose (Glc)-protein complexes using RASMOL (Sayle 1994) or SwissPDBViewer (Guex and Peitsch 1997) shows that the mode of binding of galactose relative to the aromatic residue is different from that of glucose: the C3-H, C4-H, C5-H, and C6-H atoms of galactose interact with the aromatic residue; in the case of glucose, either the C5-H and C6-H atoms or the C1-H, C3-H, C5-H, and/or C4-OH atoms interact with the aromatic residue. The only difference between these two saccharides is in the configuration of the C4 atom: in the 4 C 1 -(D) conformation, the hydroxyl group is equatorial in glucose but axial in galactose. To delineate the effect of changing the orientation of a single -OH group on the energetics of saccharide-aromatic residue interactions, single-point energy calculations were also performed for Glc-aromatic residue analog complexes for identical position-orientations. Calculations were also performed to determine the effect of the three staggered rotamers of the -CH 2 OH group of galactose on the interaction energy.
The following approach has been used to achieve these objectives.
An analysis of the binding sites of 18 Gal-specific proteins had showed that the galactose binding pocket and main chain atoms N, C ␣ , C, and O of the aromatic residue are always on opposite sides of the aromatic ring (Sujatha and Balaji 2004) . Based on this observation, it was assumed that the main chain atoms N, C ␣ , C, and O of the aromatic residue make little or no contribution to the interaction energy. Hence, analogs that are identical to the aromatic residue but for the absence of the main-chain atoms N, C ␣ , C, and O were considered for interaction energy calculations. The analogs are p-hydroxytoluene (pOHTol; for Tyr), toluene (Tol; for Phe), and 3-methylindole (3MeIn; for Trp). The pyranose rings of both ␤-D-galactose and ␤-D-glucose (Glc) were considered to be in the preferred and most frequently observed 4 C 1 conformation. Both the position and the orientation of the saccharide relative to the aromatic residue are key determinants of the interaction energy. This is in contrast to, for example, the metal-aromatic residue interactions that are dependent only on their mutual relative position. The polar coordinates (r,,) specify the relative position; the center of the pyranose ring has been taken as the reference point for specifying the (r,,) values in a frame of reference defined within the aromatic residue analog (Table 1 ). The orientation of the saccharide relative to the aromatic analog has been specified by Euler's rigid body rotation angles (⌽,⌰,⌿; Fig. 1 ). The angles ⌽ and ⌿ represent rotations around the Z-axis, whereas the angle ⌰ specifies rotation around the X-axis; the ⌽, ⌰ and ⌿ rotations are performed successively (Goldstein 1980) . The position and orientation are independent variables: the centroid of the pyranose ring can be located at different positions in space relative to the aromatic residue (variable r,,) and at each of these positions, the saccharide can assume various different orientations (variable ⌽,⌰,⌿). Hence, only those position-orientations that have been observed in the crystal structures of Gal-, Glc-, and Manprotein complexes have been considered for interaction energy calculations.
A total of 51 position-orientations have thus been derived from protein-saccharide complexes (Table 2) . Thirty-seven of the 51 position-orientations are from Gal-protein complexes, whereas the rest are from proteins that are crystallized with either glucose or mannose. Tryptophan occurs in 29 of the complexes, phenylalanine in 10 complexes, and tyrosine in the remaining complexes ( Table 2 ). The interaction energy has been calculated for both Gal-and Glcaromatic residue analog complexes in all the 51 positionorientations. Henceforth, the various position-orientations 
are referred to by the PDB ID of the corresponding saccharide-protein complexes for brevity; thus, 1A3K positionorientation refers to the position-orientation of the saccharide relative to the aromatic ring observed in human galectin 3 (PDB ID 1A3K).
Results

Distribution of positions relative to the aromatic ring
Overall, the different positions considered for interaction energy calculations are well scattered across the plane of the aromatic residue, although a slightly higher density is observed near the Trp:C␦1 and Phe(Tyr):C␥ atoms (Fig. 2) . The saccharide is present either above or below the plane of aromatic ring in all these position-orientations.
Apolar hydrogen atoms mediate the interactions of saccharide with the aromatic residue
Visual inspection of the various saccharide-aromatic residue analog complexes shows that the apolar hydrogen atoms of the saccharide are in close proximity of the aromatic residue in both Gal-and Glc-aromatic residue analog complexes. The C3-H, C4-H, C5-H, and C6-H atoms interact with the aromatic residue in a large number of the positionorientations observed in Gal-protein complexes (Fig.  3A,B) ; in contrast, the C5-H/C6-H atoms or the C1-H, C3-H, O4-H, and C5-H atoms interact in the position-orientations observed in Glc/Man-protein complexes (Fig. 3C) . The hydrogen atoms of galactose interact with different regions of the aromatic residue analog in different complexes: in the 1A3K position-orientation, the C4-H and C6-H atoms of galactose are close to the six-membered ring of 3MeIn, whereas the C3-H and C5-H atoms are in proximity of five-membered ring (Fig. 3A) . The situation is reversed in the 1AFA position-orientation: the C4-H and C6-H atoms of galactose are close to the five-membered ring, whereas the C3-H and C5-H atoms are in the proximity of the six-membered ring (Fig. 3B ). These observations show that the hydrogen atoms of saccharide and the region of the aromatic ring participating in the interactions are different in different complexes.
The interaction energies of the Gal-aromatic residue analog complexes in different spatial positionorientations are comparable (∼5 kcal/mole variation)
The interaction energy E int of the Gal-aromatic residue analog complex is negative for most of the position-orientations (Fig. 4) . The complex with 1QOT position-orientation has the lowest E int (−2.8 kcal/mole), whereas the complex with the 1QMO position-orientation has the highest E int (2.4 kcal/mole); the high interaction energy in this complex is due to the close proximity Gal:O6 atom to the aromatic ring. Thus, the range of variation of E int for the 51 different complexes is less than 5.2 kcal/mole. This clearly demonstrates that a number of position-orientation combinations are available for galactose to interact with the aromatic residue analog with comparable E int . The pyranose ring of galactose is essentially rigid: consequently, a change in the position of one atom leads to sequential changes in the position/orientation of the other atoms of galactose relative to the aromatic residue. Such coordinated changes account for the small differences observed in the interaction energies of various Gal-aromatic residue analog complexes.
Galactose interacts with the aromatic residue analog favorably in position-orientations observed in Glc/Man-protein complexes
Fourteen of the 51 position-orientations considered for interaction energy calculations are those observed for the saccharide in Glc/Man-protein complexes (Table 3) ; the interaction energies of the Gal-aromatic residue analog complexes in these position-orientations are similar to those with the position-orientations observed in Gal-protein complexes (Fig. 4A ). This clearly shows that the interactions of galactose with the aromatic residue analog in position-orientations observed for the saccharide in Glc/Man-and in Gal-protein complexes are comparable to each other. This is not surprising, because glucose interacts with the aromatic residue either through the C5-H and C6-H atoms or through the C1-H, C3-H, and C5-H atoms, and all these atoms are in the same orientation in galactose also. 
Glucose-aromatic residue analog interaction is unfavorable in position-orientations observed in Gal-protein complexes
Interaction energies were calculated in all the 51 positionorientations for the Glc-aromatic residue analog complexes also. The rotamer chosen for the -CH 2 OH group is the same as that observed in the corresponding saccharide-protein complexes in each case. The interaction energies of the Gal-and Glc-aromatic residue analog complexes are comparable to each other in position-orientations observed in Glc-protein complexes (Fig. 5 ). This is in contrast to the interaction energies for the 37 position-orientations observed in Gal-protein complexes (Table 3) : the interaction energy of the Glc-aromatic residue analog complex is considerably higher than the corresponding Gal-aromatic residue analog complex in a large number of position-orientations. The interaction energies for the Gal-and Glc-aromatic residue analog complexes are nearly the same in 1EUU and 1GCA position-orientations. 1GCA is a Glc/Gal transporter that binds to both glucose and galactose (Aqvist and Mowbray 1995) . The saccharide interacts with the aromatic residue analog through the C5-H, C6-HR, and C6-HS atoms in 1EUU position-orientation. Because the C4-H atom is not interacting with the aromatic residue, there is no difference in the interaction energies of the Gal-and Glcaromatic residue analog complexes in this position-orientation. The higher interaction energy for the Glc-aromatic complex in position-orientations observed in Gal-protein complexes can be mainly attributed to the spatial disposition of the Glc:O4 atom relative to the aromatic ring. The position of the Gal:C4-H atom is occupied by an oxygen atom in glucose. This results in repulsion between the electronegative oxygen atom and the cloud of the aromatic analogs (Fig. 6 ). The effect of O4 is very high (∼16-fold difference) in the 2AAI position-orientation due to the close proximity of the O4 atom to the aromatic ring. This is in contrast to the 1JAC and 1G9F position-orientations wherein the O4 atom is away from the aromatic residue thereby causing much less repulsion (∼four-and ∼twofold difference, respectively).
The rotamer wherein the Gal:O6 atom is away from the aromatic ring is preferred for the exocyclic -CH 2 OH group
Interaction energy calculations were performed for the Galaromatic residue analog complexes by considering the exocyclic -CH 2 OH group in the gg, gt, and tg conformations in 18 position-orientations. The complex wherein the -CH 2 OH group is in the gg conformation has lower interaction energy than the corresponding complexes with gt and tg conformations in 14 of the 18 position-orientations (Fig.  7) . The interaction energy is highest when the -CH 2 OH group is in the tg conformation in all the complexes except the complex with 1HWM position-orientation. The C3-H, C4-H, C5-H, and C6-HS atoms of galactose interact with the aromatic residue analog in most of the complexes. The O6 atom takes the position of C6-HS in the tg conformer, leading to unfavorable interactions. The -CH 2 OH group is away from the aromatic residue in the 1HWM complex; this accounts for the differences in the observed rotamer preferences.
Discussion
The interaction energies of the Gal-aromatic residue analog complexes are comparable to each other in most of the position-orientations
An aromatic residue, generally Trp, but Tyr or Phe in a few cases, has been found to be a key component of the binding sites of several saccharide binding proteins. The aromatic amino acid probably ensures the proper orientation of the saccharide in the binding site by orienting the nonpolar hydrogen atoms towards the aromatic ring and the oxygen atoms away from the aromatic ring. The variation brought about by a change in the position-orientation in the interaction energy of the Gal-aromatic residue analog complex is very small.
Small changes in position-orientation are necessary for optimizing the interaction of the saccharide with the rest of the binding site
The position-orientations of galactose relative to the aromatic residue are quite similar in toad ovary galectin (1GAN), S-lectin (1SLT), and S-Lac lectin (1HLC ; Table 3 ; Fig. 8 ). All three are members of the galectin family of proteins. The C4-H, C5-H, and C6-HS atoms interact with the aromatic ring in all three complexes; C3-H is located away from the aromatic ring. The interaction energies of the Gal-aromatic residue analog complexes in 1HLC and 1SLT position-orientations are higher than that in 1GAN positionorientation (Fig. 8) . Visual inspection shows no obvious repulsive interactions in 1HLC and 1SLT complexes, indicating that the increase in the interaction energy is the cumulative effect of several attractive and repulsive interactions between the atoms of galactose and aromatic residue analog. The coordinates of galactose and binding site residues of S-lectin (1SLT) and toad ovary galectin (1GAN) were su- perposed using the pyranose ring atoms as reference. With this, the position-orientation of galactose in S-lectin was reset to the position-orientation observed for galactose in toad ovary galectin. Consequently, some key interactions of galactose with the binding site are lost, which were otherwise favorable (Table 4) . Such changes were observed even when the position-orientation of galactose in S-Lac lectin (1HLC) was reset to that observed for galactose in toad ovary galectin (Table 4 ). In the context of binding site in S-lectin (1SLT) and S-Lac lectin (1HLC), slight changes in the position-orientation of galactose relative to the aromatic analog facilitate better interaction of galactose with other binding site residues. Thus, the position and orientation of galactose has to be optimized with respect to all the binding site residues in the protein, not with respect to the aromatic residue alone. Hence, the saccharide-aromatic residue interaction may or may not be optimal within the binding site.
The relative position-orientations of the saccharide that are considered for interaction energy calculations in the present study are those that are observed in a saccharideprotein complex; in this environment, all the saccharideprotein interactions, not just those between saccharide and aromatic residue, are important for complex formation. It has been proposed (Sujatha and Balaji 2004 ) that galactose has the freedom to move along the plane of the stacking residue to establish optimal interactions with binding site residues in galactose binding proteins. After attaining the proper distance and orientation favorable for galactose with respect to the aromatic amino acid, it can fine tune its orientations in protein such that it forms optimal interactions with the rest of the binding site residues. If in this process, the energy due to galactose-aromatic residue interaction is slightly lower or higher, it could be compensated by the optimal interactions with the rest of the binding site residues. Interestingly, the position-orientation of the saccharide relative to the aromatic residue has changed in different 3D structures of the same protein accompanied by a change the interaction energy (Table 5 ).
Interaction energy of Glc-aromatic residue analog complexes are higher for position-orientations observed in Gal-protein complexes
The interaction energies of Gal-aromatic residue analog complexes for position-orientations observed in Glc/Manprotein complexes are similar to each other and are also comparable to those complexes wherein the position-orientations are as observed in Gal-protein complexes. In con- (Berman et al. 2000) . The name of the protein and resolution are given in Table 2 for all the PDB IDs. b The position of the bound sugar with reference to the binding site aromatic residue is specified in polar coordinates for the centroid of pyranose ring in a frame of reference defined within the aromatic residue (Table 1) . c The orientation of the bound sugar with reference to the binding site aromatic residue is specified in terms of the Euler's rigid body rotation angles (Goldstein 1980) . The frame of reference is defined within the aromatic residue and is the same as that used to specify the relative position (Table 1) . d The interaction energy is for the complex of the specified sugar with the aromatic residue analog.
trast, the interaction energies of Glc-aromatic residue analog complexes in position-orientations observed in Gal-protein complexes are very high (Fig. 5) ; the magnitude of increase is variable but is several folds higher in nine position-orientations (Table 3 ; Fig. 5 ). Such a large increase in the interaction energy cannot be tolerated in the binding site; thus, it can be inferred that the protein will not bind glucose in that position-orientation. In complexes where the extent of increase in the interaction energy is less than fivefold, the proteins may use some other mechanism to distinguish glucose from galactose; alternatively, they accommodate glucose with weaker affinity. Jacalin (1JAC) is one such protein (∼fourfold difference); this protein has been shown to have broad specificity towards monosaccharides because of its flexible and spacious binding site (Bourne et al. 2002) . This indicates that the aromatic residue may not play a significant role in distinguishing glucose from galactose in Glc-specific proteins; absence of an aromatic residue on the b face of saccharide in proteins such as mannosebinding protein ) and hexokinase (Mulichak et al. 1998 ) that bind glucose seems to corroborate this inference. The binding site architecture is very similar in Con A (Man/Glc-specific; 5CNA) and peanut lectin (Gal-specific; 1BZW); most of the residues that interact with the bound saccharide are also the same in the two proteins (Sharma and Surolia 1997) . The binding site architecture differs in loop D, which is smaller in the former complex. Even though the conformation of the binding site aromatic residue is also very similar in the two proteins, differences in the position-orientations of the bound saccharide (Fig. 9) ensure that the contact of the oxygen atoms with the aromatic ring is minimal in both the cases. Interestingly, while genetically engineering the mannose-binding protein A to confer galactose specificity, it was observed that the introduction of Trp led to an increase in the affinity; increased selectivity was achieved only by the introduction of an additional Gly-rich loop following Trp Drickamer 1997) .
Tryptophan versus phenylalanine/tyrosine in galactose binding site
The aromatic residue in the saccharide-binding sites of proteins is often a tryptophan. Phenylalanine and tyrosine are also found, albeit in fewer proteins. The interaction energies of the complexes of galactose with the three aromatic residue analogs are comparable (Table 3 ; Fig. 4A ), which suggests that the presence of Trp instead of Phe or Tyr in the binding site of a protein may not confer an energetic advantage. Instead, tryptophan, with its larger surface area, offers many more position-orientations for the saccharide to optimize its interactions with the other binding site residues without incurring any energetic penalty.
Materials and methods
Conformation of the -CH 2 OH group
The three staggered rotamers of the exocyclic -CH 2 OH group are specified as gg, gt, and tg, wherein the first and second letters specify the conformation of the -OH group with respect to the ring oxygen and C4 atoms, respectively (Rao et al. 1998b ); for example, in the tg conformation, the -OH group will be trans to the ring oxygen atom and gauche to the C4 atom. The coordinates of the bound saccharide in a frame of reference defined with respect to the aromatic residue ( Fig. 1 These two saccharides differ in the configuration at the C4 atom. The Gal:C4-H atom interacts favorably with the aromatic residue analog; this nonpolar hydrogen atom is replaced by the hydroxyl group (hydroxyl oxygen atoms at C4 are encircled) when Gal is substituted by Glc in an identical position-orientation resulting in repulsion.
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The values of the polar coordinates (r,,) and the Euler's rigid body rotation angles (⌽,⌰,⌿) in the protein-saccharide complex were determined as follows:
Step 1. The coordinates of the protein-saccharide complex were retrieved from the protein data bank (Berman et al. 2000) and transformed to a frame of reference defined within the aromatic ring (Table 1) . This transformation brings the aromatic residue in the protein-saccharide complex and the geometry optimized aromatic residue analog into the same frame of reference.
Step 2. The UHF/6-31G** geometry-optimized saccharide was superposed on to the protein-bound saccharide using an in-house program using the six atoms of the pyranose ring as reference atoms. This superposition step gives the relative distance and orientation of the bound saccharide with reference to the aromatic residue. The distance is specified in terms of the (x,y,z) coordinates of the centroid of the pyranose ring and the orientation is specified in terms of the Euler's rigid body rotation angles. The (r,,) values are calculated from the (x,y,z) coordinates.
Step 3. The translation and rotation parameters obtained from Step 2 are used to generate the various galactose-and glucosearomatic residue analog complexes corresponding to the positionorientation observed in different Gal-, Glc-, and mannose (Man)-protein complexes. a This refers to the position-orientation of galactose relative to the binding site aromatic residue observed in the X-ray crystallographic structure. In S-lectin-galactose complex (PDB ID 1SLT), position (r, , ) ‫ס‬ (5.1, 150, −3), and orientation (⌽, ⌰, ⌿) ‫ס‬ (19, 64, 209) . In S-lac lectin-galactose complex (PDB ID 1HLC), position (r, , ) ‫ס‬ (4.9, 143, 5), and orientation (⌽, ⌰, ⌿) ‫ס‬ (37, 48, 199) . b In the modified position-orientation, (r, , ) ‫ס‬ (4.7, 152, −15) and (⌽, ⌰, ⌿) ‫ס‬ (29, 50, 191) . This is the position-orientation observed for galactose in the toad ovary galectin-galactose complex (PDB ID 1GAN). 
Geometry optimization and interaction energy calculations
Galactose and glucose, each with three different conformations of the -CH 2 OH group (gg, gt, and tg), and the three aromatic residue analogs were individually geometry optimized using unrestricted Hartree-Fock methods. Successive optimizations were carried out by using the basis sets STO-3G, 6-31G, and 6-31G** for faster convergence. The convergence criteria were set such that the largest component of the energy gradient is less than 10 −6 Hartree/ Bohr (OPTTOL parameter in GAMESS) and RMS gradient is <1/3 of OPTTOL; default values were used for all other parameters. The optimized equilibrium geometry coordinates obtained from the lower basis set was used as input for optimization at the next higher level.
The equilibrium geometries obtained for each of these molecules from UHF/6-31G** calculations were used for single-point energy calculations using the computationally less demanding density functional theory (DFT). The approach adopted was specifically B3LYP, a hybrid method combining five functionals, namely, Becke, Slater, HF exchange, LYP, and VWN5 correlation (Becke 1993) . The 6-31G** geometries were used to generate the different aromatic residue analog-saccharide complexes. Singlepoint energy calculations at U-B3LYP/6-31G** level of density functional theory were performed for these complexes. The interaction energy E int was calculated as E int = E A-B − (E A + E B ), where E A-B , E A , and E B denote energies of the saccharide-aromatic residue analog complex, of the saccharide and of the aromatic analog, respectively. The energy E A(gB) of the saccharide (molecule A) in the presence of the ghost aromatic analog (molecule B) obtained by assigning a nuclear charge of zero to all the atoms of molecule B was found to be the same as the energy calculated for isolated saccharide. Similarly, the energy E B(gA) of the aromatic analog calculated in the presence of ghost saccharide was found to be the same as the energy calculated for isolated aromatic analog. . Stereo view of the loops that form the saccharide binding site in legume lectins. The binding site regions of Gal-specific peanut lectin (1BZW; bound to galactose) and of Man/Glc-specific concanavalin A (5CNA; bound to mannose) are superposed on each other. The loops A, B, and C superpose very well. However, large differences are seen in the specificity-determining loop D region (Sharma and Surolia 1997; labeled D and DЈ corresponding to 1BZW and 5CNA, respectively) . The orientation of the bound saccharide relative to the aromatic amino acid is also different: mannose interacts with the aromatic residue through its C5-H and C6-H atoms, whereas galactose interacts through its C3-H, C4-H, C5-H, and C6-H atoms.
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